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Two-particle spectroscopy with correlated electron pairs is used to establish the causal link be-
tween the secondary electron spectrum, the (pi+ σ)−plasmon peak and the unoccupied band struc-
ture of highly oriented pyrolitic graphite. The plasmon spectrum is resolved with respect to the
involved interband transitions and clearly exhibits final state effects, in particular due to the energy
gap between the interlayer resonances along the ΓA-direction. The corresponding final state effects
can also be identified in the secondary electron spectrum. Interpretation of the results is performed
on the basis of density functional theory and tight binding calculations. Excitation of the plasmon
perturbs the symmetry of the system and leads to hybridisation of the interlayer resonances with
atom-like σ∗ bands along the ΓA-direction. These hybrid states have a high density of states as
well as sufficient mobility along the graphite c-axis leading to the sharp ∼3 eV resonance in the
spectrum of emitted secondary electrons reported throughout the literature.
PACS numbers: 68.49.Jk, 79.20.-m, 79.60.-i
Van der Waals materials have recently been attracting in-
terest in materials science since they exhibit outstanding
fundamental and technological properties and are build-
ing blocks for multilayered quasi 2D materials as well as
3D materials and heterostructures [1, 2]. Graphite, be-
ing a model system for this class of materials has been
most extensively studied with respect to its electronic
structure, both experimentally [3–14] and theoretically
[15–20].
When two or more graphene layers are put on top of
each other, so-called interlayer resonances form in the
electronic structure which are highly dispersive along the
c-axis and reflect the three dimensional structure of the
crystal [21]. Distinct oscillations in the electron reflec-
tivity are observed when measuring the reflected inten-
sity as a function of the electron kinetic energy [22–24],
their number being equal to the number of graphene lay-
ers minus one. Interlayer states are highly transmissive
for electrons coming from vacuum and have a large lo-
cal density of states in between individual graphene lay-
ers. For graphite they appear as a broad band of states
which strongly couple to vacuum [25]. The character of
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such electronic multi-quantum well states can be quali-
tatively understood using the analogy to a Fabry-Pe´rot
interferometer in light optics [26]. The signal employed
in the above techniques, such as elastic peak electron
spectroscopy [26] and total current spectroscopy [11] ex-
clusively stems from impinging electrons which are even-
tually detected without having suffered any energy loss,
or are absorbed in their entirety, such as in inverse pho-
toemission spectroscopy (IPES) experiments [21].
Compared to the works cited above, the present paper
concerns the reverse process where electrons are leaving
the surface after being liberated inside the solid. This
phenomenon of secondary electron emission (SEE) is of
great fundamental as well as technological importance
[25]. In the past, SEE has also extensively been employed
to study the unoccupied electronic structure of graphite
[4–7, 9, 10, 27]. Obviously, for secondary electron emis-
sion, energy losses, in particular excitation and decay of
plasmons [28–34] play an essential role. A striking differ-
ence between electronic structure data from SEE and the
elastic techniques mentioned in the previous paragraph is
that the dispersion of the interlayer resonances is not at
all observed in SEE data. Instead, a strong resonance is
found in secondary electron spectra which always appears
at an energy of about 3 eV above vacuum (i.e. within the
energy range of the first interlayer state above vacuum).
The position of this resonance shows no dispersion what-
soever in SEE data and is found to be independent of
the experimental kinematics in a substantial number of
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FIG. (color online) Double differential spectrum of true co-
incidences for HOPG for an incident energy of 173 eV above
vacuum (energy resolution δE1 = 5 eV). The white curve is
the singles loss- and secondary electron spectrum. Indices ”1”
and ”2” are used to indicate respectively fast and slow elec-
trons arriving at detector 1, the hemispherical mirror analyser
(HMA), and 2, the time of flight analyser (TOF) [40]. The
green line labeled ”E2 = ∆E−φ” indicates the minimum en-
ergy loss needed for the slow liberated electron (”2”) to reach
the vacuum level from the Fermi-level for a given energy loss
∆E where φ = 4.6 eV is the work function of HOPG. Here
and below the yellow arrows correspond to final state energies
of Ef − Evac = 3.7 eV and 17 eV, respectively.
works by different authors [3–7, 9–11].
We use time-correlated two-electron spectroscopy to
establish a causal relationship between energy losses and
secondary electron emission [35–39] on a sample of highly
oriented pyrolitic graphite (HOPG). In particular, sec-
ondary electron-electron energy loss coincidence spec-
troscopy (SE2ELCS) is employed (see supplemental in-
formation [40]) to investigate the relationship between
energy losses suffered by exciting a plasmon and the con-
comitant emission of a secondary electron. Note that for
a given energy loss of the primary electron to be feasi-
ble, corresponding initial and final states need to exist
in order to satisfy energy conservation. The electronic
transitions taking place in resonance with the plasmon
are explicitly identified experimentally. The experimen-
tal results highlight the influence of the complex band
structure of HOPG on the plasmon spectrum and the
ejection of a secondary electron in the course of the asso-
ciated interband transition and are interpreted with the
aid of density functional theory (DFT) and tight binding
(TB) calculations [40]. In particular, when the symmetry
of the system is broken in our tight binding model, the
resulting hybridisation of the interlayer states with the
atom-like σ∗2-band leads to the ∼3 eV resonance in the
SE spectrum.
Our experimental results are summarized in Figs. 1–
3(a) showing different portions of the electron coinci-
dence spectrum taken in specular reflection geometry at
the Bragg maximum for a primary energy of E0−Evac =
173 eV (see Ref [40] for details). The white curve in
Figs. 1 and 2(a) represents the singles electron spectrum,
exhibiting the elastic peak, the pi− and (pi+σ)−plasmon
losses corresponding to minima in the real part of the di-
electric function at ~ωpi ∼ 6 eV and ~ωpi+σ ∼ 23 eV [3].
For higher energy losses plural plasmon excitation sets
in. The secondary electron spectrum is characterized by
a very sharp peak at 3.7 eV, which has been reported
earlier by many authors[4, 6, 7, 9–11, 25, 27, 41–43] and
a broad shoulder at ∼17 eV.
The coincidence spectrum shown in Fig. 1 represents
the number of correlated electron pairs emitted for a
given combination of energies (E1, E2). When record-
ing the spectrum of correlated electrons in a Bragg max-
imum, those processes dominate in which the primary
electron is first deflected along the outgoing Bragg beam
followed by the inelastic process. In the deflection-loss
(DL) model, one thus assumes an initial momentum of
the primary electron determined by the Bragg condition
[8, 44–46]. As a consequence, all initial and final states of
the inelastic process are fixed by momentum and energy
conservation [40, 47]. In other words, the coincidence
experiment makes it possible to pinpoint the electronic
transition of the bound electron involved in the (e,2e)-
process by measuring time correlated electron pair inten-
sities. In the present case this mainly concerns emission
of a secondary electron after excitation and decay of a
plasmon by the primary electron.
Three distinctly different parts can be identified in the
coincidence spectrum: (1) a region of high intensity near
the green line labeled E2 = ∆E−φ. Comparison with the
singles spectrum allows one to conclude that this feature
corresponds to the excitation of a single plasmon, which
is shown separately in Fig. 2(a); (2) horizontal stripes
along the E1-scale at energies E2 =3.7 and 17 eV, indi-
cated by the yellow arrows, which seem to have a coun-
terpart along the E2 scale (vertical dashed lines marked
by yellow arrows). This energy region will be referred to
as the plural scattering region in the following; and (3) a
strong and structured peak for energies E1, E2 ≤ 20 eV,
corresponding to the cascade of secondary electrons. A
distinct peak of what appears to be correlated electron
emission is seen around the point (E1, E2) = (17, 17) eV.
Fig. 2(b) shows the region in phase-space correspond-
ing to the plasmon loss in Fig. 2(a), obtained by apply-
ing energy and momentum conservation (See Eqns. 1-3 of
[40]) to the data within the red parallelogram in Fig. 2(a).
The colored arrows in Fig. 2(b) indicate the interband
transitions corresponding to the energies of the fast and
slow electrons marked by colored dots in Fig. 2(a).
Finally, in Fig. 3 the total electron yield (TEY) mea-
sured in absolute units (green curve, [25]) is compared
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FIG. 2: (color online) (a). Coincidence spectrum of the
plasmon loss in HOPG (measured with an energy resolution
δE1 = 1.25 eV.) The white curve is the singles loss spec-
trum. (b) The data in the plasmon feature in (a) within the
red parallelogram represented in k-space and projected on the
pertinent band structure [48] along the ΓA- and ΓK-direction
(see supplemental material). The colored arrows in the pan-
els labeled ΓA and ΓK are projections of the initial and final
states on these crystallographic directions corresponding to
the colored dots in (a).
with the coincidence data in Fig. 1 summed over E1 (blue
curve) and the singles SE spectrum (black curve). The
lower panel compares the band structure along the ΓA-
direction with the DFT-results for the symmetry con-
served (purple) and symmetry broken (red) case.
A striking feature of the single scattering plasmon fea-
ture is the complete absence of the pi-plasmon in the co-
incidence data, in particular also at low energies: finite
count rates appear only for ∆ >12 eV. This can be un-
derstood on the basis of the k-space representation of
the data in Fig. 2(b): for the characteristic energy loss
of the pi-plasmon and the kinematics of the experiment,
no favorable combination of initial and final states above
vacuum is available which would allow a transition to
take place [25]. Note that our experiment mainly samples
around q‖ ∼ 0.5A˚−1, exhibiting an energy gap between
valence and conduction band.
The coincidence data also convey the fact that plu-
ral inelastic scattering proceeds via a Markov-type pro-
cess [25, 49], i.e. no memory of the previous collision
plays a role in subsequent processes. If this were not
the case, i.e. if coherent plural plasmon creation took
place in which the full energy loss is transferred to a
single electron, intensity due to plasmon replicas should
appear just below the green diagonal line at energies
(E1, E2) = (E0 − n× ~ωpi+σ, n× ~ωpi+σ − φ+Eb). Here
n is an integer and Eb is the (negative) binding en-
ergy of the initial state. Likewise, no plasmon replicas
are seen for ejected electron energies corresponding to
a single plasmon loss, i.e. at energies near (E1, E2) =
(E0 − n × ~ωpi+σ, ~ωpi+σ − φ + Eb). Instead, stripes of
intensity at energies (marked by the yellow arrows) of
3.7 and 17 eV, respectively are observed. The fact that
the ejected electron energy in the plural scattering region
is completely independent of ∆E cannot be understood
within the DL-model. The explanation is that when
more than one inelastic process occurs, any combination
of scattering angles and energy losses in individual scat-
tering events can lead to the net energy and momentum
transfer observed for the ejected electron. In other words,
the initial state for the process leading to ejection of the
second electron is no longer determined as in the single
scattering feature (see Fig. 2(a)). This implies that the
DL-model is only valid in the single scattering regime.
The final state in the plural scattering regime, however,
is determined by the detection geometry and energy of
the slow electron. Indeed, the energies at which these
stripes appear seem to correspond to the position of the
atom-like σ∗2-bands, as well as the flat σ
∗-bands 22 eV
above Fermi, along the ΓA-direction (see Fig. 3). Note
that the ΓA-direction coincides with the symmetry axis
of the TOF analyser, which measures the final state of
the slow electron.
For any energy loss ∆E in the single scattering plas-
mon feature the probability for generating a secondary
electron has a strong peak at energies E2 within the plas-
mon feature. This observation highlights the fact that
the final state of the scattering process corresponds to
the ejection of a single bound electron. Any conceivable
process in which the energy is transferred to more than
one electron in the final state would lead to intensity
below the single scattering plasmon feature for any rea-
sonable energy sharing model. Furthermore, the inten-
sity in the single scattering feature is seen to occur for
a range of slightly different binding energies (energetic
distance from the green diagonal) when going from top
to bottom, following the dispersion of the initial state.
This is indeed confirmed by the representation of the
single scattering data in k-space, Fig. 2(b). A faint min-
imum is seen in the plasmon loss feature in Fig. (1) near
(E1, E2) = (154, 10) eV, corresponding to the energy gap
in between the strongly dispersing interlayer bands along
ΓA indicated by the yellow arrows in Fig. 2(b). Indeed,
4a minimum in the final state intensity is also observed in
the plasmon spectrum in Fig. 2(b) at E − EF ∼15 eV.
These findings show that for a material with a complex
band structure, such as graphite, the excitation of a plas-
mon and the associated interband transitions are both
essential parts of the same coherent process, a plasmon-
assisted interband transition [50] leading to ejection of
the bound electron into an excited state. This picture
supports the momentum-exciton model for the plasmon
[25, 51] as a coherent excitation of a (rather small) num-
ber of electron hole pairs behaving as a quasi-particle
with a well-defined energy and momentum. Note that
the typical number of electrons participating in a plas-
mon is about five [51, 52] and that the range of possible
energies above vacuum occupied by the ejected electron
is limited by the plasmon energy. This implies that the
width of the secondary electron peak is essentially gov-
erned by the density of the solid state electrons.
Finally, the energies of the secondary electrons emitted
along the graphite c-axis (stripes in the plural scattering
region marked with yellow arrows) and the sharp peak in
the SE spectrum at 3.7 eV exhibiting a surprising lack of
dispersion [4, 6, 7, 9–11, 25, 27, 41–43] deserve to be dis-
cussed. These features appear energetically very close to
the flat σ∗2- bands within the interlayer resonances along
ΓA (Fig.2(b)). To understand their origin we use DFT
calculations for bulk graphite as well as a surface slab to
parameterize a tight binding model [53]. We can then
simulate the transmission of the secondary electron from
a Bloch state inside the solid, i.e. the final state of the
inelastic scattering process with the incoming electron to
a free vacuum state (as given by Eq. (6) in the supple-
mental material). Given an unperturbed graphite slab,
we find, as expected by the flat nature of the σ∗2 bands,
a very sharp resonance (see blue triangle in upper panel
of Fig. 3(b)) that does not contribute significantly to the
overall signal, as its area is vanishingly small. We next
aim to model the symmetry breaking induced by the inci-
dence of the primary electron and the emerging plasmon
in the simplest way possible: we induce a symmetry-
breaking at the surface of the slab by a local potential
Vδsp2 ≈ 0.3eV added to a single of the three equivalent
sp2 orbitals of each carbon atom of the surface layer.
Such a term breaks the D6h symmetry of graphite, essen-
tially locally eliminating the three-fold symmetry. The
induced hybridisation between the σ∗2 bands and σ
∗
1,3-
interlayer bands substantially enhances and broadens the
resonance. The resulting hybrid state exhibits the high
density of states of the flat band, implying that it is a
favorable state for an initially bound electron to reach
a final state above the vacuum level. The hybrid state
also has the high mobility of the interlayer state which
efficiently couples to vacuum, allowing it to escape from
the surface. We have verified numerically that a similar
symmetry breaking in bulk HOPG leads to transmission
from σ∗2 to σ
∗
1,3 modes (and vice versa) in bulk transport
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FIG. 3: (color online) (a) Green curve: total electron yield
(TEY) measured in absolute units [25]; Blue curve: coinci-
dence data in Fig. 1 summed over E1; black curve: singles
SE spectrum (white curve in Fig. 1). The lower panel com-
pares the band structure along ΓA with the DFT-results for
the symmetry conserved (purple) and symmetry broken (red)
case. (b) Theoretical total transmission of graphite surface
as a function of initial energy for symmetry-conserved (upper
panel) and symmetry-broken (lower panel) slab. Blue trian-
gles mark the transmission peak caused by the σ∗2 band. In
the symmetry-conserved slab, this resonance is very sharp,
containing few electrons, while it becomes much more pro-
nounced in the symmetry-broken slab due to hybridisation
(see text).
perpendicular to the layers.
Since the parametrization of our tight-binding model
only extends to about 18 eV, the origin of the second
stripe in the coincidence data at E − EF ∼17 eV could
not be verified. It is conjectured however, that a similar
hybridisation mechanism plays a role in that case as for
the lower lying interlayer band around 3.7 eV. The peak
of apparent correlated emission at (E1, E2) = (17, 17) eV
then is a direct consequence of the hybridisation in that
also the unoccupied flat band at around 17 eV (above vac-
uum) is a favorable final state and by virtue of the high
mobility of the hybridized state also leads to a strong
peak in the secondary electron cascade. For the pri-
mary energy E0 =173 eV employed here, plural inelas-
5tic processes can lead to (incoherent) creation of several
secondary electrons. A part of these SEs may actually
escape and give rise to multi-electron detection events
with prefered energies of 17 eV. As discussed above, this
proceeds via a Markov sequence of events leading to a
strong preference of final states with these energies in
the course of (incoherent) plural inelastic scattering and
generation of secondary electrons. Therefore, while the
peak at (E1, E2) = (17, 17) eV appears to be due to
correlated electron emission, it rather is an incoherent
increase in the electron pair intensity due to the afore-
mentioned process. A similar peak is also expected at
(E1, E2) = (3.7, 3.7) but could not be observed since the
lowest energy along the E1-scale that can be reached in
the coincidence experiment is ∼10 eV.
In summary, the (pi+σ)-plasmon in graphite has been
resolved with respect to the involved electronic transi-
tions. Formation of a hybrid state as a consequence of
plasmon induced symmetry breaking provides an expla-
nation for the strong resonance observed in SE-spectra
in the literature (at 3.7 eV in the present work). Most
importantly, it explains the difference in band struc-
ture measurements using elastic processes and techniques
which involve creation of plasmon. To fully appreciate
this point the reader is referred to Fig. 4 in Ref. [9]
which shows a direct comparison of IPES and SEE data,
the dispersion of the interlayer state completely lacking
in the latter. The results therefore indicate that the
inverse-LEED (Low Energy Electron Diffraction) formal-
ism which is often employed to interpret secondary elec-
tron spectra [54] should be complemented to account for
many body processes, since the phenomenon of secondary
electron emission cannot be fully described on the basis
of the one-electron band structure.
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EXPERIMENTAL
The sample was a HOPG crystal of ZYB quality with
a nominal mosaic spread of (0.8 ± 0.2)◦, mechanically
exfoliated in air and annealed for several hours at 500◦C
in the UHV system with a base pressure of 2×10−10 mbar
housing the spectrometer. During the measurement, the
pressure rises to 5×10−10 mbar.
The employed coincidence spectrometer is schemati-
cally shown in Fig. 4. Arrival-time differences of electron
pairs are recorded for a hemispherical mirror analyser
(HMA, measuring the fast scattered electron, subscript
’1’), and a time of flight analyser (TOF, measuring the
slow ejected electron, subscript ’2’). While the HMA
has a constant energy resolution δE1 (equal to 5 eV and
1.25 eV for the data presented in Fig. 1 and Fig. 2 re-
spectively), the energy resolution of the TOF-analyser
is about δE2 = 1 eV at an energy of 20 eV, while it
is several tens of an eV at an energy of 200 eV. The
white curve in Fig. 1 representing the singles energy loss
and SE spectrum was measured with the HMA with a
pass energy of 5 eV corresponding to an energy resolu-
tion of δE1 = 0.25 eV. The lowest energy which can be
recorded by the HMA depends on the employed pass en-
ergy and is equal to 10 eV for the coincidence data in
Fig. 1, while it is 0.5 eV for the singles spectrum (white
curve). Coincidence spectra were measured at a primary
energy E0 − Evac = 173 eV, corresponding to a Bragg
maximum for this geometry, after carefully aligning the
sample in the specular reflection geometry, by directing
the Bragg beam into the central angle of the HMA.
The coincidence spectra are obtained with a continu-
ous electron beam in order to increase the effective coin-
cidence rate. Flight times for each energy measured by
the hemispherical analyser are measured before the co-
incidence measurement using a pulsed electron beam. In
this way, the flight time of an electron in a correlated pair
reaching the time of flight detector during the coincidence
measurement is calibrated. Coincident flight time spec-
tra for each energy measured with the HMA are superim-
Fig	14:	coincidence	
measurement	
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Figure 7: Schematic view of the SE2ELCS spectrometer (left) at Vienna University of Technology and of the LASEC spectrometer
(right) at the Universita` degli Studi Roma Tre. For SE2ELCS the trajectory of the incident electrons enclose a 60  angle with the
surface normal of the sample. The HMA, equipped with 5 channeltrons, is in specular reflection and detects the reflected electrons,
while the TOF-analyser is placed along the surface normal and the emitted electrons are detected with a detector consisting of
Multi Channel Plates (MCP) and a Delay Line Anode (DLA). In LASEC the specimen is bombarded by a monochromatic electron
beam which encloses an angle of 30  with HMA1. This latter is positioned at 90  from HMA2 within the detection plane. HMA1
is equipped with a two-stage MCP and a mono-dimensional delay line anode (1D-DLA), whereas HMA2 has a single channeltron.
By varying the sample surface rotation wrt. the 2 analysers a large variety of kinematics can be accessed, ranging from specular
reflection conditions to higher order Bragg di↵racted beams.
the binding energy, "bin, and of the momentum of
the bound electron prior to its emission, ~q.
In SE2ELCS (illustrated on the left panel of
fig. 7) the sample is irradiated with a continuous
beam of electrons, at currents below a picoam-
pere. Back reflected electrons are detected with
a hemispherical analyser (HMA), which is posi-
tioned in specular reflection with the electron gun
at 60  with respect to the surface normal. The sec-
ond detector is a Time-Of-Flight (TOF) analyser
[86, 87], which due to its’ enhanced energy resolu-
tion at low energies and wide accepted solid an-
gle (of the order of ± 10 ) is used to collect the
SEs emitted by inelastic collisions of the primary
electron. During the measurement, the TOF anal-
yser records event flight times, while the energy
observed by the HMA is scanned from the incident
energy down to several eV. The energy resolution
at the HMA is 2.5% of the pass energy, whereas
in the time-of-flight analyser the energy resolution
depends on the kinetic energy of the detected elec-
trons. A correlated electron pair – composed of
a “fast” (inelastically scattered) electron and of a
“slow” (ejected) electron – is assumed to be cre-
ated within a few femtoseconds, this allows one to
determine the flight time of the slower electron us-
ing the fast one as a “start” signal. The measure-
ments are done in UHV, maintaining the pressure
of 2 · 10 10 mbar over the whole measurement du-
ration (typically several weeks).
In SE2ELCS the sample-rotation is limited to
a small range (of ca. ±20 ), not always allowing
to reach higher order di↵raction peaks. Therefore
all (e,2e)-measurements are performed tuned on
the zero-order Bragg peak. The best suited Bragg
di↵raction conditions (i.e. yielding the highest in-
tensity) are found by performing energy scans at
a fixed scattering geometry (commonly known as
“I-V-curves”). In case of an I-V-curve, the sam-
ple position is kept constant (in specular reflection
with ✓i = ✓o) while the energy of the primary elec-
tron beam is scanned from ca. 20 eV up to 500 eV,
thus yielding an I-V-profile. Fulfilment of the third
Bragg condition, i.e. in the perpendicular direc-
tion, ( ~K? = ~G A) leads to strong intensity vari-
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FIG. 4: (color online) Schematic illustration of the experi-
mental setup. (see text).
posed on a flat backgrou d of false coincidences which is
subtracted, l ad ng o the spectra of true coi cidences as
shown in Fig. 1 and Fig. 2. The current incident on the
sample during the coincidence measurement amounted
to 70 fA, obtained by comparing elastic peak intensities
with picoamperem ter results own to the nA range. In
this way, the sp ctrometer transmission and other exper-
imental factors are calibrated giving absolute values at
any lower current using the elastic peak intensity. The
acquisition time for the coincidence data shown in Fig. 1
as well as for the coincidence data in Fig. 2 amounted to
approximately 14 days.
Note that both analysers are located in the scatter-
ing plane. The opening angles of the analysers amount
to ∆ΩHMA = 10
◦ and ∆ΩTOF = 12◦. Owing to the
employed experimental geometry (see Fig. 4), the axis of
the TOF analyser is aligned with the ΓA crystallographic
direction (i.e. the c-axis in graphite), while the HMA in-
tensity consists of components along the ΓA as well as
the ΓK and ΓM -crystallographic direction. Due to the
wide opening angle of the hemispherical analyser the mo-
menta sampled in the occupied band structure extend to
about 1A˚
−1
. Since the ΓM and ΓK band structure are
similar to each other near the Γ-point and cannot be dis-
tinguished within our experimental energy and angular
resolution we only present and discuss the ΓK-portion in
the text for clarity. While for the occupied states, the
q‖, q⊥-region sampled in phase space is mainly governed
by the angular acceptance of the HMA, the acceptance of
the TOF governs the portion of final state phase space,
which becomes particularly narrow for the ΓA-direction
owing to the increase of k⊥ inside the solid (see below).
DATA INTERPRETATION
In the specular reflection geometry, diffraction of the
incoming beam by the graphene planes gives rise to a
8Bragg beam oriented exactly along the specular direc-
tion inside the solid, which then can induce an inelas-
tic process. In the UV-energy range an energy loss is
predominantly accompanied by an electronic transition,
which leads to liberation of a second electron inside the
solid. For sufficiently large losses, this electron may over-
come the surface potential barrier and is ejected from the
surface. This deflection-loss (DL) model [8, 44–46] im-
plies that the scattering kinematics of the inelastic col-
lision are fully determined. In other words, under such
conditions, the final state of the correlated electron pair
in an (e,2e) experiment is fixed by the energy and di-
rection of detection and together with the known state
of the primary electron, the initial state of the ejected
solid state electron is fully determined. Here we des-
ignate the scattered and ejected electron by the indices
”s” and ”e”, while in the main text we merely distinguish
between events where electrons are detected in analyser
1 and 2 and label the energy scales accordingly. This
is strictly speaking correct and necessary because of the
indistinguishability of electrons but generally identifying
electron 1 with the scattered (fast) electron and electron
2 with the ejected (slow) electron will be correct in many
cases. The binding energy Eb(~q) of the bound electron
is found by requiring that the energy loss of the primary
electron ∆E = E0 − Es –where the index ”0” indicates
the primary electron– is used to liberate the bound elec-
tron from the solid, by overcoming the work function Φ,
and that it is ultimately ejected from the solid with an
energy Ee:
∆E = E0 − Es = Ee + Φ− Eb(~q), (1)
where the binding energy is counted from the Fermi level
and is negative. Momentum conservation yields for the
momentum of the bound electron:
~q = ~ke − (~k0 − ~ks) + ~G = ~ke −∆ ~K + ~G, (2)
where ~G is a reciprocal lattice vector and ∆ ~K is the mo-
mentum transfer. The above equation holds inside the
solid. To convert the momenta inside the solid to the
momenta measured in vacuum (or vice versa), the in-
crease of the energy by the inner potential Ui when the
electron crosses the surface potential barrier needs to be
accounted for. Using atomic units (~ = me = e = 1)
the relationship between the perpendicular component of
momentum inside and outside the solid can be expressed
as follows:
k2⊥,in
2
=
k2⊥,out
2
+ Ui, (3)
while the parallel momentum is conserved as the electron
penetrates the barrier.
The inner potential Ui has been determined by measur-
ing the elastic peak intensity as a function of the vacuum
energy Ev and identifying the n-th order Bragg maxi-
mum EBragg(n). Using the Equation [44]:
EBragg(n) =
{n2pi2
2d2
− Ui
} 1
cos2 α
, (4)
which is written here in atomic units with d the inter-
layer distance and α the vacuum polar angle of incidence
and emission, we have plotted the Bragg energies in vac-
uum against n2 and determined the inner potential from
the axis offset after fitting the data to a straight line.
The value of Ui = 16.1 eV obtained in this way is in
good agreement with values found in the literature (see
Ref. [44] and references therein).
Using Eqns. 1–3, values of the initial and final state
energies and momenta are determined for each pixel in
the data of Fig. 2(a). The corresponding intensity in
each pixel is added to a histogram in k-space, eventually
leading to the results shown in Fig. 2(b). The portion
of phase space along the ΓA-direction becomes very nar-
row due to the significant increase of the perpendicular
momentum component when the electron feels the inner
potential of Ui = 16.1 eV.
THEORY
Given the complexity of the inelastic scattering pro-
cesses inside HOPG, we do not model this process be-
yond the energy and momentum conservation consider-
ations outlined above. Instead, we aim to elucidate the
ejection process of the ejected electron by considering its
scattering from an initial state inside the HOPG target
(the final state of the inelastic scattering process) to a
final propagating state outside of the solid (resulting in
a signal at the detector). We first model bulk graphite
and a graphite surface slab using density functional the-
ory (DFT) employing the VASP software package [55].
We then use a Wannier localization procedure[56, 57] to
obtain local tight-binding parameters for the bulk and
the surface slab following [53]. We verify that our tight
binding model reproduces the full DFT single-particle
band structure. Since we are interested in electron emis-
sion at higher energies, we take great care in obtaining
a converged band structure at energies up to 20 eV in
VASP using appropriate convergence thresholds. Given
the strong entanglement of higher-lying virtual bands,
our tight binding model only correctly reproduces bands
up to 18 eV.
Using our Wannier representation, we compose a tight-
binding HamiltonianH containing a large number of bulk
layers, four surface layers from the slab and free electron
states outside the slab. We obtain a scattering problem
by introducing open boundary conditions at both sides
by infinite waveguides representing graphite Bloch states
(incoming lead) and free particle states (outgoing lead).
9The Green’s function of this system is given by
G(E) = [H − E − ΣGr(E)− ΣV (E)]−1 , (5)
where the self-energies ΣGr (ΣV ) represent the open
boundary conditions of bulk graphite (vacuum). We
solve the scattering problem using our modular recursive
Green’s function approach [58] to determine the probabil-
ity T (kB) of an electron in an initial Bloch state kB with
energy εkB inside the solid transfering to a propagating
vacuum state,
T (kB) =
∫
D
dkv |〈φkB |G(εkB ) |kv〉|2 δ(εkB − k2v/2m)
(6)
where the integral over the vacuum wave vector kv
goes over those final states that can reach the detector
in the experimental setup, and the delta function ensures
energy conservation.
